A simple, fast, sensitive and versatile method for the analysis of phenols in water is proposed using microfluidic precolumn derivatization with the fluorogenic label coumarin-6-sulfonyl chloride (C6SCl) and HPLC separation on monolithic columns. Phenols react with C6SCl within 3.0 min in the microreactor at ambient temperature to produce phenol -coumarin sulphonamides derivatives which were separated in reversed phase high-performance liquid chromatography followed by postcolumn ring-opening and fluorescence detection at l exc 5 360 nm and l em 5 460 nm. The optimum conditions for the derivatization, separation and ring-opening reaction have been established. The calibration curves were linear for the studied phenols in the range of 0.75-12.5 mg L
Introduction
In recent years, a considerable interest has been devoted to miniaturized flow technologies including micro-and nano-fabricated reactors. These microsystems are characterized by channels of typical dimensions of few tens to few hundreds of micrometers rendering them capable of handling microliters to pico-liters of fluids. Several advantages were recognized for continuous flow microreactions compared with batch reactions, such as enhanced heat and mass transfer, efficient mixing and precise control of reaction time (1 -3) . Additionally, microreactors can be easily integrated and they can be scaled up by operating parallel devices simultaneously. Moreover, the fact that microreactors represent a sealed system provides additional advantages including reduced chances of losses to the environment, less human exposure to hazardous materials and the ability to isolate sensitive reactions from air and moisture. These features represent the stimulus of an increasing interest in microfluidics-based organic synthesis (4 -11) . Synthesis in microreactors has now become well established and has been the platform to perform efficiently multistep synthesis in an attempt to mimic natural synthetic processes (10, 12 -17) . Moreover, cascading of reactions while reagents are added consecutively, to further transform the starting material, results in the elimination of the tedium of isolating and purifying intermediates. Separation and purification of products can be achieved using several techniques in microfluidic, such as liquid -liquid extraction, scavenging protocols and even microfluidic distillation (10, 18) .
On the other hand, by using microfluidics, the consumption of valuable reagents and solvents will be greatly reduced, as well as automation of the whole procedure become feasible. Surprisingly, there are few reports in the literature on the utilization of microfluidics for the derivatization reactions in chromatographic analysis (19 -22) . The major limitations encountered with such microreactor systems are the problems associated with interfacing microsystems to the macro-scale techniques. These problems could be overcome by scaling out reactors to produce the required quantities of the derivatized material suitable for injection in the chromatography column. Using such approach, one can start by optimizing the method with a single microreactor and then replicating it a number of times. Alternatively, one can couple this approach to micropore columns where minute injection volumes are required.
A common feature of precolumn derivatization procedures is that they involve slow reaction steps. In many instances, heating the reaction mixture at elevated temperatures is one way by which the reaction rate is enhanced thereby the analysis time and the sensitivity are improved. The slow precolumn preparation steps when coupled to long separation procedures will result in excessive analysis times. In addition, if a large number of samples is encountered, these procedures become unattractive. Automation of all or some of the sample preparation steps can be adapted to reduce the labor intensive efforts associated with these protocols. However, automated systems on the other hand are either expensive or require continuous maintenance.
In the present work, we used microfluidic reactors to enhance the rate of the derivatization reaction of coumarin-6-sulfonyl chloride (C6SCl) with phenols and chlorophenols and to reduce the consumption of reagents. The use of these reactors can also result in enhancing the sensitivity of the method by increasing the yield. Furthermore, we used postcolumn ring-opening step by mixing sodium hydroxide with the HPLC column effluent containing the C6SCl -phenol derivatives in order to enhance the fluorescence of the derivatives and thereby enhancing the sensitivity of the method. Reduction of the separation time is imparted by using monolithic columns. Finally, the developed system was successfully used for the analysis of phenols in tap water and recycled water samples.
Experimental

Reagents and materials
All reagents used are of analytical grade and were used without further purification: sodium carbonate, hydrochloric acid, nitric acid, sodium hydroxide were obtained from BDH Chemicals Ltd (UK, Pool) and from Aldrich (UK, Gillingham). C6SCl was synthesized using the literature method (23) . Acetone, toluene, methanol, ethanol, acetonitrile were purchased from BDH Chemicals Ltd (UK, Pool) and Aldrich (UK, Gillingham). All solvents used were either of spectroscopic or HPLC grade. Ultrapure water from Milli Q system (Millipore Corporation, Milford, USA) was used for all preparations and HPLC separations. 
Phenols standards
Preparation of phenols derivatives of C6SCl
A solution of phenol or chlorophenol (0.01 M) in sodium carbonate pH 9.0 (100 mL) was stirred at room temperature while a solution of C6SCl (0.1 M) in acetone (25 mL) was added dropwise over a period of 20 min. After stirring for further 2 h under subdued light, a solid product was formed. The content was filtered, and the residue was collected, washed with dilute HCl until the washing were neutral and then with water and dried in a vacuum desicator. The crude was then recrystallized from 50% ethanol and toluene mixture to give white crystals with a yield of 40 -70%. Melting point, NMR, IR and mass spectrometry were used for identification and the spectroscopic data were confirmed.
HPLC instrumentation
HPLC system used for this study consists of Waters 1525 binary HPLC pump, 2489 UV/Visible detector and 2475 multi l fluorescence detector (Waters, Milford, USA) connected to a personal computer. The two detectors are configured with Breeze chromatography workstation where data communications and control are manipulated. For derivatization and separation systems, 50:50 acetonitrile:water was used as a mobile phase at flow rate of 1 mL min 21 and a UV-detector over a range of 210 -254 nm. However, for postcolumn alkaline hydrolysis, the fluorescence detection was carried at l ex 360 nm and l em 460 nm. NaOH was introduced via a T-junction where the reaction took place in Teflon loop of 1 m long and 0.49 mm i.d. The mobile phases were passed through a 0.45 mm filter and degassed by sonication for few minutes. The monolith columns used in this study are Onyx TM Monolithic C18, (50 Â 4.6 mm i.d. and 50 Â 2.0 mm i.d.) (www.phenomenex.com).
Microfluidics
All microreactions were carried out using a borosilicate glass microreactor, FC-R150.332.2, Fluidic Connect 4515 purchased from Micronit Microfluidics (www.micronit.com) with two inlets and one outlet. The channel 150 mm (wide) Â 150 mm (deep) Â 332 mm (long) with an internal volume of 6 mL and the channel structure in the microreactor is powderblasted. The two inlets are connected with fused silica capillary tubing with protective polyimide coating on the outside (150 mm i.d., 375 mm o.d.) with 'Nanoport' ferrules made of PERLAST TM , which is chemically resistant to most solvents. 'Nanoport' nuts made of PEEK (PolyEtherEtherKetone) with low dead volume (20 -90 nL) connections were used. The cartridge around the chip was made of PP (Polypropylene) with outer dimensions (l Â w Â h) 75 Â 25 Â 4 mm and maximum working temperature of 808C. The chip holder was made of stainless steel (80 Â 55 Â 9.5 mm). The chip holder (Inverter) frame was made of POM (Polyacetal) (100 Â 75 Â 24) mm with maximum working temperature of 808C. The chip was connected to an external syringe pump (Bioanalytical Systems Inc, BASI, West Lafayette, USA), which simultaneously deliver two solutions at set flow rates ranging between 0.1 and 100 mL min 21 . The product stream was collected from the outlet through same tubing used for the inlet into a small vial immersed in ice bath in order to quench the reaction.
Procedure
Standard stock solutions of phenol and chlorophenols (each of 200 mg L 21 ) were prepared in sodium carbonate solution pH 8.5. A working mixture solution of these six phenols was prepared from the above stock solutions to give 50-30 mg L 21 for each phenol daily. Series of solutions were then prepared from this working mixture ranging from 0.75 to 12.5 mg L 21 . A solution of C6SCl (50 mg L
21
) in acetonitrile (at a molar ratio to highest phenol concentration of about 4 in the final volume) was introduced to one inlet of the microfluidic chip and a solution of phenols mixture standard solution into the other inlet. The final solution was collected from the outlet in a vial immersed in ice bath and 10 mL injected into the column. Sodium hydroxide (1 M) was added via T-junction after the column through a separate pump with 0.5 mL min 21 flow rate. Triplicate injections for each standard solution were made and the peak area of the analyte was plotted against the corresponding phenol concentration. The effectiveness of using ice bath to quench the reaction outside the microfluidic reactor was examined by placing a mixture of the phenol and the label in an ice bath in a bench-scale and the peak area of the derivatized phenols was monitored using UV-detector. The signal was observed to remain almost constant up to 90 min indicating that the ice bath used efficiently quenches the reaction.
Sampling and sample treatment Tap water samples from the laboratory and fountain water samples were analyzed. The samples were collected in 500 mL clean bottles and passed through a 0.45 mm filters to remove suspended particulates and analyzed immediately to avoid degradation. The pH of all samples was adjusted to 8.5-9.0 using sodium carbonate solution (0.1 M). A known volume of water sample (10 mL) was then spiked with different concentration (0.75 -7.5 mg L 21 ) of phenolic standard mixture. The treated sample was subjected to the derivatization through microfluidic and then directly injected into the HPLC system for separation and postcolumn alkaline hydrolysis processes. Triplicate injections for each sample solution were made and the recoveries were calculated by relating the concentration determined in the water sample to the calibration standards. The HPLC detection system was programmed in a way to skip the label and the hydrolysis signals which eluted earlier before the derivatives.
Results
Derivatization in microfluidic
In order to optimize derivatization conditions in microfluidics, four parameters were considered: reaction time, pH, temperature of the microreactor, and the ratio of the phenols to the label that will lead to a maximum yield of the labeled phenols. The effect of time on the reaction yield was followed by reacting a mixture of phenols, 3-CP and 2, 3-DCP in carbonate buffer, pH 8.5 with C6SCI. Optimum reaction time was studied and compared with bench-scale experiments that are performed using the same solutions of phenols and C6SCl.
Different syringe pump flow rates ranging from 0.4 to 10.0 mL min 21 were used and the residence times were calculated on the basis of the internal volume of the microchip. Figure 1 shows the increase of the reaction yield of 3-CP and 2, 3-DCP derivatives of C6SCl with time. This is represented by the evolution of the peak area of these compounds with time. Clearly, the formation of both derivatives increases with time for the bench scale and the microreactor systems. In the bench-scale experiment, 2, 3-DCP derivatization reaction reaches equilibrium after 1 h, however, for 3-CP, the yield is continuously increasing even after 1 h has elapsed. In this figure, we compared the results obtained from the micro-and bench-scale experiment at pH 8.5.
The influence of pH of media and the relative concentration of the label on the relative yield of the derivatized phenols were re-optimized in the microreactor. This was investigated by the reaction of a mixture of phenols, 3-CP and 2, 3-DCP prepared in various pH buffers ranging from 7.0 to 10.0 with C6SCI. The flow rate of 2.0 mL min 21 was used in this experiment.
The effect of pH and concentration of the label are similar to those obtained in the batch method. Therefore, a pH of 8.5 and a label to phenol ratio of 4.0 was selected as the optimum values. On the other hand, a residence time of 3.0 min in microfluidic was selected as a compromise between sensitivity and speed of analysis.
We further investigated the effect of temperature on the reaction yield by heating the microreactor using a thermostat. It was observed that with an increase in temperature, the peak area of the derivatives either decreased slightly or remained constant. Therefore, in this study, the derivatization reaction was conducted at room temperature.
HPLC separation
In an attempt to shorten run times, a monolithic column was used for the separation of phenolic derivatives. Monolithic columns can be used with high flow rate of mobile phases compared with particle-based columns and its high porosity besides its continuous form increases the reliability and reproducibility of the separation.
The optimum composition of the mobile phase was evaluated based on optimum resolution of the phenols derivatives. A series of mobile phases were prepared ranging from 20 to 80% acetonitrile. The phenolic mixture to be tested was prepared as described before. The best separation accompanied by good peak shapes was obtained using solvent composition of 50:50 (acetonitrile:water).
Postcolumn ring opening
After establishing the optimum chromatographic system, the method was used for the analysis of a standard mixture of phenols in different water samples. However, the optimum conditions of derivatization and separation described earlier can only be applied to high concentration of phenols; trace amount of phenols in water sample could not be detected by UV. To improve the sensitivity of the method, we need to use a fluorescence detector.
As has been previously reported, the derivatives are weakly fluorescent under neutral conditions, and require a high pH to exhibit fluorescence (24) . Hence ring opening of the coumarin nucleus with NaOH is used where the fluorescence intensity of the derivatives was significantly improved. To achieve ring opening of the phenol -C6SCl derivatives, we mixed NaOH with the column effluent in a reaction coil before the detector.
The effect of the flow rate and the concentration of NaOH on the intensity of the derivatives were studied. An increase in the fluorescence intensity of all ring-opened phenolic derivatives compared with the parent derivatives was observed when 1 M NaOH solution was pumped at a flow rate of 0.5 mL min 21 . Using higher flow rates of NaOH results in a drastic decrease of the peak area.
The effect of temperature on the ring-opening reaction was also studied by placing the postcolumn reaction coil in a thermostat at temperatures that range from 25 to 608C. All the six phenols have almost the same trend; as the temperature increases, the fluorescence intensities of ring-opened derivatives decreases.
Since the main target of this study was to reduce the analysis time with minimum tradeoff in the sensitivity, the effect of the mobile phase flow rate on the ring opening reaction must be carefully scrutinized. Figure 2 shows the relation of the fluorescence intensity of the six phenols while changing the flow rate from 0.2 to 0.5 mL min 21 using the narrower monolithic column (2 mm i.d.). All the six phenols exhibit the same decreases in their fluorescence intensity with increasing the flow rate. It is 
Analytical applications
Using the optimum conditions discussed earlier, we separated and analyzed six environmental phenols by the proposed procedure. A typical chromatogram is shown in Figure 3 . The reagent and its hydrolysis product did not interfere with the analysis because they are eluted early before 1.8 min. Excellent separations were obtained for all derivatives using 50:50 mobile (acetonitrile : water) for both columns under 7.0 min at a flow rate of 1.0 mL min 21 (using 50 Â 4.6 mm i.d. column). A shorter separation time can be obtained using higher flow rate or narrower columns with minimum losses with regard to the separation. Ring-opened derivatized phenols were detected at l exc 360 nm and l em 460 nm. Retention factors (k 0 ), separation factors (a) and resolutions (R s ) were obtained and are summarized in Table I .
Calibration curves in the range 0.75 -12.5 mg L 21 for all phenols were obtained. A least square regression method was used to generate the calibration data. The figures of merit for all phenol are summarized in Table I . The R 2 values were .0.99 for all derivatized phenols and demonstrated a direct proportional relationship between the response signals and the corresponding concentration.
Furthermore, the developed method was used to analyze drinking water and recycled water samples. The water samples were collected and the proposed method was applied to the determination of phenols in spiked water samples. The recoveries of phenols from tap water and the recycled water samples spiked with 0.75 mg L 21 are shown in Table II . The recoveries obtained are satisfactory for practical use.
Discussion
The analysis of phenols in water using C6SCl as a precolumn derivatizing agent followed by alkaline hydrolysis and ion pair RP-HPLC has been investigated by us (24) . The reaction scheme of phenol or substituted phenols with the label C6SCl is illustrated in Figure 4 . This derivatization reaction is followed by alkaline hydrolysis in which the ring of the coumarin-phenol derivative opens to produce two species, cis and trans isomers in the presence of light. Both isomers are highly fluorescent (24) . In this method, the precolumn derivatization step is slow, requiring more than an hour to reach completion. On the other hand, the ring-opened anionic phenol derivatives require an ionpairing reagent in order to separate in a reversed phase column. Additionally, because the ring-opening reaction is reversible, the use of alkaline mobile phase is mandatory. Therefore, in such cases, we need to use special columns because silica-based columns will dissolve at high pH. In this work, a fast, simple, versatile, and sensitive method for the analysis of phenols is developed. In order to develop such a method, three routes have been endeavored: reducing the precolumn derivatization time by using microreactor; decreasing the separation time by using monolith column; and enhancement of the sensitivity by postcolumn ring-opening. After setting all the parameters of the reaction and separation condition, the optimum condition is invested in analytical application.
As has been shown in Figure 1 , a much higher yield is produced in microfluidic within shorter reaction times compared with that produced in bench-scale experiments. For example, the yield obtained for a residence time of 15 min for 3-CP on-chip derivatization is comparable to that obtained after 55 min for bench-scale derivatization.
For microreactors, heat and mass transfer capacities are greatly enhanced compared with macroscale reactors. Therefore, it is important to realize that these parameters are greatly influenced by the dimensions and architecture of channels which greatly determines the speed of the reaction. Collision of two fluid streams in microchannels apply high shear rates to reactant fluids and therefore shorten mixing time. The Y-shape mixer which has been used in this study is an example of microreactors using this mixing principle (25) (26) (27) (28) . The enhancement of mixing is further obtained by discontinuities in the fluid flow within microfluidic by the specifically designed serpentine channel to enhance disruption of the flow of a liquid. When a liquid flow passes a sharp bend, the change in flow direction gives rise to a secondary flow field perpendicular to the flow of the liquid. This lateral flow field improves mixing performance in a micromixer where mixing by turbulence is not feasible. On the other hand, the separation of boundary layers leads to the generation of vortices, which results in enhanced mixing performance. Vortices tend to break the stream up into layers and each layer curls in a different manner. These breaking and curling actions reduce the diffusion distance between the molecules of two liquids in a mixing process (25) . The reduced dimensions of the microfluidic system increase mass transfer efficiencies. Therefore, narrower channels shorten the diffusion transport distances for the molecules and by increasing the length of the channel more mixing results (25) (26) (27) (28) . All of these processes play a significant role in reducing the reaction time in microfluidics.
One of the advantages of the use of continuous flow microreactors is that it allows automation of sample preparations at a very low cost. However, the major disadvantage of using microreactors in organic synthesis is associated with the difficulty by which large amounts are produced. This hurdle can be surmounted in chromatographic applications by using highly sensitive detection systems, using narrow micropore columns or by operating several devices in parallel to sustain enough material for less sensitive detection systems.
A postcolumn ring-opening step has contributed a great deal to the sensitivity of the method. However, as shown in Figure 2 , using higher flow rates of NaOH results in a drastic decrease of the peak area. It has been reported that base hydrolysis of coumarins is a fast step (29). This step is followed by the slow opening of the pyrone ring and the formation of coumarinic acids which is believed to be the species that exhibit very high quantum yield. The rate is reported to show first-order kinetics with respect to the concentration of OH 2 . Ring-opening reactions of coumarin and thiocoumarin were reported to be endothermic; therefore, phenol -C6SCl derivatives were expected to show a similar behavior (29) . The decrease in intensity by increasing the temperature could be due to the decrease in fluorescence quantum yields of the derivatives due to an increase in radiationless transitions of the molecules.
The proposed method was found to be rapid, simple, environmentally friendly and reproducible. This qualifies the method to be an attractive procedure for the analysis of phenols in environmental water. Within 6 min, six-phenols were separated using flow rates as low as 0.3 mL min 21 . This results in reduction of consumption of solvents by at least four times compared with when particle-based columns were used. On the other hand, the introduction of postcolumn ring-opening reduced the sensitivity of the method compared with precolumn ring-opening methods. Moreover, the peak width has been increased by about 10%. Ideally, calibration curves are expected to pass through the origin, however, in this work, relatively large intercept values were obtained mainly due to the blank signal which is usually not corrected in chromatography systems.
In the absence of light, the coumarin ring-opened derivatives produce cis-coumarinic acid; however, when exposed to light, these derivatives are known to undergo photochemical isomerization to the trans isomer. The trans-coumarinic acid is characterized by a much higher quantum yield compared with the cis-isomer. The sensitivity of the method can, therefore, be improved greatly using a postcolumn photochemical reactor.
The method performance was further investigated by applying it successfully to the separation and determination of phenols in fountain and tap water. All phenol concentrations were obtained at recoveries 89-129% indicating that this method is suitable for the determination of phenols in environmental samples.
All phenol -C6SCl derivatives were well separated using a monolithic column at all flow rates investigated. Therefore, a tradeoff between the sensitivity and the analysis time can be made. Clearly, if the levels of the phenols in the samples are high enough to be detected, then the analysis time can be reduced at least by 50% by increasing flow rates. On the other hand, to improve the sensitivity for low concentrations of phenols, we can use low flow.
Conclusion
Derivatization reactions within microreactors generated products in high yield within shorter time, compared with the equivalent batch reactions. Consequently, the application of microreaction technology is of great environmental importance as it has the potential to reduce the quantity of raw materials required, while efficiently converting them into the desired product with minimal generation of side products and waste. The optimum derivatization and separation conditions were: 3.0 min reaction time, ambient temperature, pH: 8.5, 1:4 ( phenol: label) and 50: 50 acetonitrile : water mobile phase. Postcolumn ring opening of the coumarin nucleus has resulted in the generation of highly fluorescent compounds that improved the sensitivity and the detection limit of the method. This in turn allowed using a versatile monolithic column through which the separation time was greatly reduced. A simple, rapid and sensitive method suitable for the analysis of phenols in tap and treated waste water in ,10 min per run is developed. The consumption of reagents is significantly reduced compared with the conventional batch method derivatization techniques. In addition, the short separation time results in further reduction in the cost of the method, considering the prices of high-quality solvents are inflating every year.
